Human epithelial cells and the McCoy cell line were infected with Chlamydia trachornatis, serotype E. The organization of the cytoplasm was then studied with probes which stained cytoskeletal components and membrane compartments. The major actin-containing stress fibre bundles were not associated with inclusions due to the peri-basal and peri-apical location of these bundles within the host cell. The cytokeratin network was distorted by the presence of inclusions so that a common basket of these intermediate filaments surrounded both nucleus and peri-nuclear inclusions. The microtubule network was similarly distorted, but the nucleus and inclusion were surrounded by separate rather than joint baskets of tubules. After reversible depolymerization by nocadazole the microtubules in amniotic epithelial cells began to reassemble at the peri-nuclear microtubule-organizing centre, so that independent microtubule networks were rapidly regenerated around the nucleus and inclusion. Mitochondria of amniotic epithelial cells were vitally stained with the fluorescent probe DiOC6 (3,3'-dihexyloxacarbocyanine iodide) after 48 h of infection and found to be widely distributed throughout the host cytoplasm. When the morphology of the Golgi complex was examined with C,-NBD-ceramide (N-[7-(4-nitrobenzo-2-oxa-l,3-diazole)] aminocaproyl sphingosine) the main cisternae were retained in a juxta-nuclear position, although scattered stained structures were also present close to the cytoplasmic surface of the inclusion. These results demonstrate that the peri-nuclear position of inclusions is determined by the configuration of the cytoskeleton, and that normal host-cell architecture is maintained during infection, albeit in a distorted form.
INTRODUCTION
Chlamydia trachomatis enters the host eukaryotic cell within a tightly encompassing endosomal membrane (Hodinka et al., 1988) . As the parasite proliferates the enveloping membrane enlarges so that a fluid-filled vesicle, or inclusion, forms. In multiply-infected cells these inclusions may fuse, thus speeding the process of inclusion growth (Evans, 1972; Campbell et al., 1989, 19886) . Although inclusions may undergo great distortions of shape and changes of position in motile cultured cells, they nevertheless tend to adopt a peri-nuclear position. Eventually the inclusion expands to fill the whole cell before it eventually bursts causing cell lysis. However, when the inclusion is still relatively small during the first 2 d of infection, motility of the host cell is unimpaired (Campbell et al., 1988a) , and it may even undergo division (Bose & Liebhaber, 1979; Campbell et af., 1989) .
The maintenance of apparently normal eukaryotic cell behaviour suggests that organization of the infected host-cell cytoplasm remains relatively intact during the early stages of inclusion growth. However, ultrastructural studies of host cells suggest that later in the infection cycle the presence of large inclusions causes reorganization of the cytoskeleton (Todd & Caldwell, 1985) ; membranous organelles such as mitochondria may also be redistributed (Stortz & Spears, 1977) .
Abbreviations : C,-NBD-ceramide, N-[7-(4-nitrobenzo-2-oxa-1,3-diazole)] aminocaproyl sphingosine ; DiOC6, 3,3'-dihexyloxacarbocyanine iodide; FITC, fluorescein isothiocyanate; MTOC, microtubule-organizing centre.
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Our aim in this study was to understand how the host cell accommodates the presence of the chlamydial inclusion. We therefore examined the distribution of the cytoskeletal components actin, keratin and tubulin in fixed infected cells (Vasiliev, 1982; Goldman et al., 1986; De Brabander et al., 1986) , and location of the membrane-bound mitochondria (Johnson et al., 1980; Terasaki et al., 1986) and the Golgi complex in live infected cells (Lipsky & Pagano, 1985a, b; Farquhar & Palade, 1981) .
METHODS
Host ceff culture. Human endometrial explant cultures were prepared and cultured as indicated previously (Campbell et af., 1988a) . Human amniotic epithelial cultures were prepared by trypsinization of whole amnions from gestational-term placentae (Campbell et al., 1984) , and stored as a frozen stock of the primary culture. McCoy cell cultures were prepared routinely from frozen stocks held in the laboratory.
Infection procedure. C. trachomatis, serotype E, was used to infect McCoy and amnion cells as previously described (Campbell et al., 1988a) . Human amniotic epithelial cells were similarly infected with 2 x lo5 McCoy cell inclusion forming units and centrifuged after inoculation at 2000g for 30 min.
Cytochemical staining. Chlamydia1 inclusions were visualized either directly by phase microscopy or by indirect immunofluorescence with a rabbit antiserum raised against yolk-sac-grown C. trachornatis and a fluorescein isothiocyanate (F1TC)-conjugated sheep anti-rabbit IgG (Sigma).
In order to visualize filamentous actin within the infected host cells, cultures were fixed in 2% (v/v) formaldehyde in phosphate-buffered saline (Dulbecco's PBS without divalent cations) for 20 min, then permeabilized by post-fixation in acetone for 15 min. The actin-containing microfilament bundles were stained with rhodamine-phalloidin (Molecular Probes), at a concentration of 165 ng ml-* . Cytokeratin intermediate filaments were stained after routine fixation of the epithelial cells in industrial grade ethanol for at least 20 min. These filaments were detected with a polyspecific monoclonal antibody to the cytokeratin family (Clone 80 Sanbio), and visualized with an affinity purified tetramethyl rhodamine isothiocyanate (TR1TC)-conjugated goat anti-mouse IgG (Zymed) diluted 1 in 10 in 10% goat serum in PBS.
Fixation of host cells for microtubule staining was more difficult. Satisfactory staining of microtubules in uninfected cells was carried out, according to the manufacturer's instructions, with a commercial kit (Cytolite, Du Pont) which contained a monoclonal mouse IgM antibody to tubulin and a FITC-conjugated goat anti-mouse antiserum. The recommended procedure included an initial crosslinking step with dithiobis(succinimidy1 propionoate), followed by washing with a stabilizing buffer, extraction with Triton X-100 and post-fixation in methanol. The membrane extraction step involved in this procedure made the preparation unsuitable for subsequent visualization of the membrane-bound chlamydial inclusion. A rapid 3 rnin fixation in cold methanol at -40 "C was therefore used as a compromise which allowed reasonable preservation of tubules and good visualization of inclusions. Some cells such as the McCoy cell line proved difficult to stain in this fashion because of the instability of their microtubules.
The mitochondria of amniotic epithelial cells were vitally stained at 37 "C with 3,3'-dihexyloxacarbocyanine iodide (DiOC6; Molecular Probes) at 0.5 pg ml-I for 10 min (Terasaki et af., 1986) . The epithelial cell cultures which had been grown on glass coverslips were then washed in tissue culture medium and mounted live over a chamber which was filled with the same medium. This chamber consisted of a piece of black silicone rubber (1.5 mm thick) with a round hole (10 mm diameter) which was glued to a glass microscope slide (Johnson et af., 1980) . The glass coverslips were held to the silicone rubber by the surface tension of the medium, and did not require sealing over the short interval of observation.
The Golgi complex of amniotic epithelial cells was vitally stained with the fluorescent sphingolipid analogue
NBD-ceramide-BSA carrier complex was prepared by sonicating the fluorescent probe with defatted BSA (0.68 mg ml-l) dissolved in tissue culture medium (Lipsky & Pagano, 1985a, b) . Cells were then incubated with the complex for 10 min, washed with growth medium, then incubated at 37 "C for times ranging from 30 to 60 min and examined immediately in the chamber described above. Microtubufe depolymerization and repolymerization. The microtubules of amniotic epithelial cells were reversibly depolymerized by incubation in medium containing 33 pM-nocadazole [methyl (5-[2-thienylcarbonyl]-1 Hbenzimidazol-2-yl)-carbamate, Janssen] at 37 "C for 2 h in order to ensure complete microtubule depolymerization (De Brabander et al., 1986) . The cultures were then washed five times with tissue culture medium at 37 "C to remove all trace of nocadazole, and incubated at the same temperature to allow the microtubules to repolymerize. Cultures were then fixed in methanol at -40 "C for various times up to 120 min and immediately stained with the anti-tubulin antibody.
Microscopy. Fluorescently stained cells were examined with a x 63 planapochromat phase lens on a microscope equipped for incident light fluorescence (Dialux, Leitz).
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RESULTS
Distribution of cytoskeletal components in uninfected cells
Filamentous-actin was detected mainly within microfilament stress fibre bundles which attached to the basal and apical membrane of flattened cells, and ran in a plane almost parallel to these membranes (Fig. 1 a) . No major microfilament bundles were detected in the plane of the nucleus, where the chlamydia1 inclusion tended to residue.
The cytokeratin-containing intermediate filaments of epithelial cells formed a bundled meshwork which surrounded the nucleus and extended to the periphery where adjacent cells were closely apposed (Fig. 1 b) .
Individual microtubules adopted curvilinear paths within the host-cell cytoplasm, and, like the intermediate filaments, formed a basket around the nucleus (Fig. lc) . The assembly of microtubules in most cells is co-ordinated by the presence of a cytoplasmic centriole-associated, microtubule-organizing centre (MTOC) (Karsenti et al., 1984) . Although this structure was easily visible in some cells such as human foetal lung fibroblasts (data not shown), it was not immediately apparent in human endometrial or amniotic epithelium.
Distribution of cytoskeletal components in infected cells
Chlamydia1 infection had remarkably little effect on the distribution of microfilaments, intermediate filaments and microtubules within infected cells. This was apparent even when the host cells contained highly distended inclusions. When an effect was observed it involved a distortion of the network concerned rather than loss of its integrity.
Due to the largely peri-basal and peri-apical distribution of filamentous actin within the cytoplasm, the pattern of stress fibres within infected cells was indistinguishable from their uninfected counterparts, in each of the three host cells studied (Fig. 2) . Keratin filament distribution within endometrial and amniotic epithelium was distorted by the presence of inclusions. The meshwork, or basket, of filaments which surrounded the nucleus was usually modified, to form a joint meshwork which surrounded both nucleus and inclusion (Fig. 3) . In a small minority of cells (less than 10%) some keratin may have been present between the nucleus and inclusion, although it was difficult to establish the plane of focus in relation to the nucleus in these cases. The ramifications of the keratin network toward the cell periphery appeared normal.
Microtubule distribution in human amniotic epithelium was also distorted by the presence of inclusions, but, unlike keratin, separate networks of tubules were always found surrounding the nucleus and inclusion. Examination of the infected cells in every focal plane demonstrated that these networks completely surrounded the inclusions (Fig. 4) . Even when the inclusion grew to fill most of the cytoplasm the microtubule network was maintained, with the nucleus still surrounded by a distinct 'basket' (Fig. 5) .
The microtubules were reversibly depolymerized with nocadazole and then allowed to repolymerize in order to identify the position of the MTOC. This was located in a normal perinuclear position in uninfected (Fig. 6a) and infected cells (Fig. 6b, c) . Repolymerization of the microtubules from the MTOC resulted in the reformation of separate microtubule networks around the nucleus and inclusion (Fig. 6 d ) . It was also striking how, even at the end of nocadazole incubation, when the microtubules had completely depolymerized and the cells had begun to retract, the keratin basket still surrounded the nucleus and inclusion (data not shown).
Distribution of mitochondria and the Golgi complex in infected cells
When mitochondria within amniotic epithelium were vitally stained with the fluorescent probe DiOC6, they were found to be widely distributed in the cytoplasm after 48 h of infection (Fig. 7a) . The mitochondria of infected cells appeared to be as bright as their uninfected counterparts within the same culture, although no quantitative measurements of stain uptake and retention were made. No uptake of this probe into inclusions was detected. Vital staining of the Golgi complex of uninfected human amniotic epithelium with the fluorescent probe C,-NBD-ceramide revealed that this organelle was located in its typically peri-nuclear position (Fig. 7 b) . However, in cells which contained inclusions, stained structures remote from the main part of the complex were also found (Fig. 7 b , c) , which suggested that minor disruption of Golgi organization (or lipid traffic) occurred as a result of infection. 
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DISCUSSION
The cytoskeletal networks and membranous organelles of the infected interphase cells showed remarkable adaptation to the presence of chlamydial inclusions, unlike some virus infections which bring about rapid cytoskeletal changes within host cells (Jackson & Bellett, 1985) .
The ability of the cell to accommodate inclusions is probably related to the nature of the host cell and the way in which infection occurs. Chlamydiae are not found scattered throughout the nucleus or cytoplasm, but are restricted within a membrane vesicle of variable morphology (Richmond, 1985) . The position, as well as morphology, of this vesicle has been shown to change in response to changes in host-cell shape which occur during the course of cell locomotion or division (Campbell et al., 1989) . The disrutive effects of the vesicle on these activities are therefore minimized by the ability of the host cell to rearrange its contents in the presence of an inclusion. Indeed, it seems probable that changes of inclusion shape are mediated by interaction with the cytoskeletal networks, which undergo reorganization during the course of cell locomotion and division.
Microtubule networks undergo very rapid reorganization during interphase and mitosis (De Brabander et al., 1986) , due to the dynamic instability of individual microtubules (Cassimeris et al., 1988) . This suggests that the cell would be capable of continually reorganizing its cytoskeletal network around the inclusion as it expands during the course of the developmental cycle. In the presence of an inclusion these networks retain their functions, as infected cells are able to maintain cell-substratum adhesions, change shape, migrate over the substratum to which they are attached, and even undergo mitosis.
No evidence has been produced here about the nature of cytoskeletal organization of infected cells during mitosis due to the difficulty of obtaining a rapidly proliferating human epithelial cell with fixation-stable microtubules. However, it is clear from our microtubule depolymerization experiments that the dramatic reorganization of microtubules which occurs at the time of mitosis should still be possible in an infected cell, provided that the inclusion is small enough for the cell to proceed through karyokinesis (Campbell et al., 1988 b ; 1989) . The host cell is itself a highly deformable entity with no rigidly determined shape (Vasiliev, 1986; Campbell et al., 1989) . Thus, it is able to suffer some distortion in the presence of small inclusions without becoming functionally impaired.
At the end of the chlamydial developmental cycle the inclusion and the host cell lyse causing disruption of the cellular contents (Stirling & Richmond, 1977) . Cytoskeletal changes at this time would therefore seem inevitable, Indeed, there is ultrastructural evidence of microfilament association with the inclusion at the end of the developmental cycle (Todd & Caldwell, 1985) , although the functional significance of this change has yet to be established. The almost normal appearance and location of the Golgi complex correlates well with the normal location of the MTOC in infected cells. Dispersal of parts of the complex caused by the presence of an inclusion may have limited functional significance.
Ultrastructural studies of cells infected with C. psittaci often demonstrate an intimate association between mitochondria and the cytoplasmic face of the inclusion membrane (Stortz & Spears, 1977) , which is not obvious in electron micrographs of C. trachomatis-infected cells (S. J. Richmond, unpublished data). The present work on vitally stained inclusions did not reveal an abnormal mitochondrial distribution in C . trachomatis-infected cells. However, the lack of a fluorescent stain for the inclusion membrane made it difficult to establish whether a minority of the mitochondria were closely associated with the inclusion. Further comparison between mitochondrial distribution and associations in C . trachomatis-and C . psittaci-infected cells are warranted, as there may be differences between the cytoplasmic surface of the inclusion membranes of the two chlamydia1 species. 
